e Rifamycins are key sterilizing drugs in the current treatment of active tuberculosis (TB). Daily dosing of rifapentine (P), a potent rifamycin with high intracellular accumulation, in place of rifampin (R) in the standard antitubercular regimen significantly shortens the duration of treatment needed to prevent relapse in a murine model of active TB. We undertook the current study to compare directly the activities of human-equivalent doses of P and R in a guinea pig model of chronic TB, in which bacilli are predominantly extracellular within human-like necrotic granulomas. Hartley strain guinea pigs were aerosol infected with ϳ200 bacilli of Mycobacterium tuberculosis H37Rv, and treatment given 5 days/week was initiated 6 weeks later. R at 100 mg/kg of body weight and P at 100 mg/kg were given orally alone or in combination with isoniazid (H) at 60 mg/kg and pyrazinamide (Z) at 300 mg/kg. Culture-positive relapse was assessed in subgroups of guinea pigs after completion of 1 and 2 months of treatment. Human-equivalent doses of R and P showed equivalent bactericidal activity when used alone and in combination therapy. In guinea pigs treated with rifampin, isoniazid, and pyrazinamide (RHZ) or PHZ, microbiological relapse occurred in the lungs of 8/10 animals treated for 1 month and in 0/10 animals treated for 2 months. Substitution of P for R in the standard antitubercular regimen did not shorten the time to cure in this guinea pig model of chronic TB. Data from ongoing clinical trials comparing the activity of these two drugs are awaited to determine the relevance of the guinea pig TB model in preclinical drug screening. R ifapentine (P), a cyclopentyl rifamycin with a much longer half-life than rifampin (R) (10 to 15 h compared to 2 to 5 h, respectively), was developed with the goal of allowing highly active once-weekly therapy for tuberculosis (TB) (37). However, relative to twice-or thrice-weekly rifampin-isoniazid (RH), once-weekly PH during the continuation phase of treatment was associated with greater drug-susceptible relapse among HIV-negative patients with lung cavitation (8) and a significant incidence of acquired rifamycin monoresistance among HIV-positive patients (35). Recent data in a murine model of active TB showed that increasing rifamycin exposure by daily dosing of P in place of R improved sterilizing activity, suggesting that daily P might permit shortening of treatment duration (28-30). These encouraging results prompted a large-scale phase 2 clinical trial conducted by the Tuberculosis Trials Consortium (TBTC study 29) to evaluate the safety and efficacy of a regimen in which P is substituted for R during the initial 8 weeks of treatment (13).
R
ifapentine (P), a cyclopentyl rifamycin with a much longer half-life than rifampin (R) (10 to 15 h compared to 2 to 5 h, respectively), was developed with the goal of allowing highly active once-weekly therapy for tuberculosis (TB) (37) . However, relative to twice-or thrice-weekly rifampin-isoniazid (RH), once-weekly PH during the continuation phase of treatment was associated with greater drug-susceptible relapse among HIV-negative patients with lung cavitation (8) and a significant incidence of acquired rifamycin monoresistance among HIV-positive patients (35) . Recent data in a murine model of active TB showed that increasing rifamycin exposure by daily dosing of P in place of R improved sterilizing activity, suggesting that daily P might permit shortening of treatment duration (28) (29) (30) . These encouraging results prompted a large-scale phase 2 clinical trial conducted by the Tuberculosis Trials Consortium (TBTC study 29) to evaluate the safety and efficacy of a regimen in which P is substituted for R during the initial 8 weeks of treatment (13) .
P is known to have significantly higher intracellular accumulation relative to R, as the MIC and minimal bactericidal concentration (MBC) of P against Mycobacterium tuberculosis H37Rv within macrophages are 4-fold lower than the corresponding values against extracellular bacilli (22) . On the other hand, the MIC and MBC of R against intracellular M. tuberculosis are 2-fold higher than the corresponding values against extracellular bacilli, suggesting that P may be 8-fold more potent than R against intracellular M. tuberculosis (22) . The impact of higher protein binding of P (97% or higher) relative to R (80 to 85%) on differences in pharmacokinetic and pharmacodynamic properties of the drugs is unknown (9) . We hypothesized that the efficacy of P relative to R may be overrepresented in the murine model of TB, in which the bacilli are almost exclusively located in the intracellular compartment (30) . In addition, since human TB is characterized histologically by the presence of necrotic granulomas harboring persistent bacilli (34) , which are absent in BALB/c mice (7, 17, 31) , it is possible that penetration of P into such lesions may be limited due to its relatively high protein binding. In the current study, we directly compared the activity of human-equivalent exposures of P and R, both alone and in combination with the first-line drugs isoniazid (H) and pyrazinamide (Z), in a guinea pig model of chronic TB, which is characterized by a predominantly extracellular population of bacilli residing within necrotic lung granulomas histologically resembling their human counterparts (1-5, 18, 19, 21, 23) .
MATERIALS AND METHODS
Mycobacterium tuberculosis strains. The Johns Hopkins Center for Tuberculosis Research laboratory reference strain M. tuberculosis H37Rv (17) was used. Aliquots were thawed and grown to logarithmic phase (optical density at 600 nm of 0.6) in supplemented Middlebrook 7H9 broth (Difco) prior to aerosol infection (2) .
Animals. Female outbred Hartley guinea pigs (250 to 300 g) with and without jugular vein vascular catheters were purchased from Charles River (Wilmington, MA). All procedures followed protocols approved by the Institutional Animal Care and Use Committee at Johns Hopkins University.
Pharmacokinetic studies. A single dose of rifapentine (Priftin; Sanofi-aventis) was given to separate groups of catheterized guinea pigs. One dose of 50 mg of rifapentine per kg of body weight (P 50 ) was given to three guinea pigs, and one dose of 100 mg/kg of body weight (P 100 ) was given to six guinea pigs. Doses were prepared in water in a final volume of 0.5 ml and administered orally, as previously described (4) . Blood samples (ϳ0.3 ml) were drawn serially from guinea pigs through the intravenous catheter at the following time points after antibiotic dosing: 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, and 24 h. Serum samples were separated, stored at Ϫ80°C, and analyzed using a validated high-performance liquid chromatography (HPLC) assay, whose performance characteristics have been described previously (28, 30) .
Aerosol infections. Log-phase cultures of M. tuberculosis H37Rv were diluted 500-fold (to ϳ10 5 bacilli per ml) in 1ϫ phosphate-buffered saline (PBS) for aerosol infection. A total of 104 guinea pigs were aerosol infected with a Madison chamber aerosol generation device (University of Wisconsin, Madison, WI) calibrated to deliver approximately 200 bacilli into guinea pig lungs (1, 4) .
Antibiotic treatment. Based on the area under the serum drug concentration-time curve from 0 h to infinity (AUC 0 -ϱ ), the human-equivalent doses of R, H, and Z in guinea pigs were determined previously to be 100 mg/kg (R 100 ), 60 mg/kg (H 60 ), and 300 mg/kg (Z 300 ), respectively (3, 4) . Daily (5 days/week) oral treatment with R 50 or P 50 alone and R 100 or P 100 alone and in combination with H 60 and Z 300 was initiated 6 weeks after infection for a total duration of 8 weeks (Table 1 ). R and P doses were given before the other drugs by at least 1 h to prevent pharmacokinetic antagonism (14) . Animals were treated with a formulation consisting of 40% sucrose (wt/vol), 20% pumpkin (wt/vol) (Libby's 100% pure pumpkin) mixture supplemented with vitamin C (50 mg/kg mean body weight) and commercial Lactobacillus (BD Lactinex) (Walmart, Towson, MD) (23) . Treatment was discontinued for groups of 10 guinea pigs after completion of 1 month or 2 months of RHZ or PHZ treatment for relapse assessment.
Study endpoints. Four animals were sacrificed on the day after infection and 6 weeks after infection to determine the number of implanted bacilli and the bacillary burden at treatment onset, respectively (Table 1) .
Four animals from each group were sacrificed after 1 and 2 months of treatment to assess the bactericidal activity of each regimen.
The total animal body, lung, and spleen weights were recorded, and the lungs were examined grossly for visible lesions at necropsy. To account for the physiological increase in organ weights in aging animals, the organ weights were normalized using the following formula: organ weight at sacrifice ϫ (mean body weight on day after infection/body weight at sacrifice). Lungs were sectioned in a standardized fashion along the longitudinal axis (apex to lower lobe), traversing the maximum horizontal dimension (through the hilum). Lung samples were placed into 10% buffered formaldehyde, processed, and embedded in paraffin for histological staining. At least one entire hematoxylin-and-eosin-stained lung cross section per animal (4 animals/group) was assessed, and the surface area occupied by granulomatous inflammation was determined using manual semiquantitative analysis using low and intermediate power magnification (20 to 100ϫ), similar to clinical assessment of Her2/Neu expression in breast cancer. Granulomas were classified as primary (necrotizing) and secondary (nonnecrotizing) and analyzed for the presence of acid-fast bacilli on Kinyoun-stained consecutive sections using high magnification (400ϫ), and the number of organisms were counted per individual granuloma. The overwhelming majority of organisms were seen in necrotizing granulomas. Histological analysis was performed by a boardcertified pathologist (P.B.I.), who was unaware (or blinded) of which animals were in which treatment groups.
The remainder of the lung samples was homogenized in 10 to 20 ml of PBS (18) . Spleen samples were homogenized in 5 to 15 ml of PBS using glass homogenizers. After mixing, serial 0.5-ml organ tissue aliquots were plated on selective 7H11 agar plates and incubated at 37°C for 6 weeks for CFU determination.
Groups of 10 animals treated with R 100 H 60 Z 300 or P 100 H 60 Z 300 for a total of 1 month or 2 months were sacrificed 3 months after treatment discontinuation to assess the sterilizing activity of each combination regimen. Relapse was defined as positive culture upon plating entire undiluted lung homogenates (15 to 20 plates per animal lung), with a theoretical detection limit of 1 bacillus/lung. Statistical analysis. For pharmacokinetics studies, data represent median values. Organ CFU values were log transformed prior to calculating the means and standard deviations for each group. All statistical variation values presented in this study refer to standard deviations of the means. Quantitative results are presented using the mean values from four guinea pigs per group and were statistically compared using parametric measures (Student's t test and analysis of variance [ANOVA]); a P value of Ͻ0.05 was considered significant.
RESULTS

Pharmacokinetics of rifapentine in guinea pigs.
After oral administration of P in guinea pigs, the median peak serum drug 4 (10) 4 (10) 8 (20) All groups 104
a The drugs were given alone or in combination and are abbreviated as follows: R, rifampin; P, rifapentine; H, isoniazid; Z, pyrazinamide. The drug doses (in milligrams per kilogram of body weight) are indicated by the subscript numbers. Doses of each drug were determined to be equivalent based on area under the serum drug concentration-time curve (AUC) and were given daily (5 days a week) by gavage. b Time points: month Ϫ1.5, day after infection with M. tuberculosis; month 0, day of treatment initiation; month 1, 1 month after treatment initiation, and so on. c Some guinea pigs were held for 3 months after treatment completion (ϩ3) before being killed for the relapse assessment. The number of guinea pigs held for 3 months after treatment completion is shown in parentheses.
concentrations (C max ) were 3.16 and 11.58 g/ml after 50 (P 50 ) and 100 (P 100 ) mg/kg doses, respectively ( Fig. 1 and Table 2 ). Area under the serum drug concentration-time curve from 0 to 24 h (AUC 0 -24 ) values were 30.25 and 187.50 mg · h/liter for P 50 and P 100 , respectively. The C max and AUC 0 -24 of P 100 in guinea pigs closely approximate the corresponding values for weekly P dosing (600 mg) in humans and after a single dose of P (10 mg/kg) in mice ( Table 2 ). The pharmacodynamics of P (36) are not as well-established as for R (24, 25, 38) (Tables 2 and 3 ). However, it is likely that concentration-dependent activity, which is profound for R (Table 3) is a class effect (15, 16) . Therefore, C max /MIC and AUC/ MIC likely are the most important parameters for matching P exposures (6, 30) . Morbidity, mortality, and organ pathology during treatment. No deaths were observed in either the treated or untreated groups of guinea pigs during the course of the experiment. After 2 months of infection, untreated animals began to lose weight (see Table S1 in the supplemental material), ultimately requiring euthanasia due to TB-related morbidity (data not shown), whereas treated animals gained weight throughout. The normalized mean lung and spleen weights of treated guinea pigs showed decreasing trends over time (Table S2) . At the initiation of antibiotic treatment, all guinea pig lungs showed well-demarcated tubercle lesions (see Fig. S1 in the supplemental material) and granulomatous inflammation (Fig. S2) . The lungs of animals that received 4 weeks of drug therapy had less gross inflammation (Fig. S1 ) and a reduction in the surface area involved by granulomas compared to animal lungs at the start of treatment (Table S3 ). R and P treatment reduced the number and size of lung lesions and prevented the development of necrosis in granulomas when used alone and in combination therapy during the first 8 weeks of treatment (Table S3). Each of the treatment groups showed a similar reduction in the number of visible acid-fast bacilli (AFB) within necrotic granulomas during therapy (Table S3) . However, upon treatment completion and at the relapse assessment time points, few AFB could still be detected in some animals within the necrotic centers of remaining granulomas (Table S3) , which were present in the periphery of the lungs (Fig. S3) . Bactericidal activity of R or P alone and in combination with HZ against chronic TB infection in guinea pigs. On the day after aerosol infection (month Ϫ1.5 of treatment), 2.2 Ϯ 0.1 log 10 CFU were recovered from the lungs of guinea pigs. The bacilli grew exponentially to a peak lung burden of 6.4 Ϯ 0.1 log 10 CFU at the time of treatment initiation (month 0). R and P given alone each showed statistically significant dose-dependent killing, which was very similar in magnitude for equivalent rifamycin doses. Lung CFU declined by an average of 1.9 and 3.0 log 10 CFU (P Ͻ 0.01) following daily monotherapy with R 50 and R 100 , respectively, and by an average of 1.7 and 2.7 log 10 CFU (P Ͻ 0.01) following monotherapy with P 50 and P 100 , respectively. On completion of 2 months of treatment, the lungs of guinea pigs receiving daily monotherapy with R 50 and R 100 harbored 2.6 Ϯ 0.1 and 1.90 Ϯ 0.2 log 10 CFU, respectively, while those of guinea pigs receiving P 50 and P 100 contained 2.8 Ϯ 0.2 and 2.2 Ϯ 0.3 log 10 CFU, respectively. Although in each monotherapy regimen mean log 10 CFU counts were significantly reduced (P Ͻ 0.01) compared to lung CFU counts at treatment initiation (Fig. 2) , similar doses of each rifamycin given individually did not yield statistically different bacillary killing at any time point (P values of 0.42 and 0.1 for R 50 versus P 50 at month 1 and month 2, respectively; P values of 0.18 and 0.08 for R 100 versus P 100 at month 1 and month 2, respectively).
The daily combination regimens RHZ and PHZ each showed potent bactericidal activity, as lung CFU declined in each group by approximately 4.0 log 10 CFU (P Ͻ 0.01) after the first month of treatment, and all lungs were culture negative in each group after completion of 2 months of treatment (Fig. 2) . Substitution of R 100 with P 100 did not result in a significant difference in bactericidal activity of the combination regimen (P ϭ 0.16 at month 1).
Sterilizing activity of RHZ/PHZ in guinea pigs. Groups of 10 guinea pigs were held without treatment after completion of 1 and 2 months of RHZ or PHZ to assess relapse rates. Microbiological relapse occurred in the lungs of 8/10 animals completing 1 month of RHZ (mean log 10 CFU ϭ 0.4 Ϯ 0.4) or PHZ (log 10 CFU ϭ 0.4 Ϯ 0.5) and in 0/10 animals completing 2 months of either combination regimen. Interestingly, CFU were detectable in the spleens of relapse group animals that had completed 2 months of treatment with RHZ (mean log 10 CFU ϭ 0.7 Ϯ 0.3) or PHZ (mean log 10 CFU ϭ 0.6 Ϯ 0.3) (P ϭ 0.58).
DISCUSSION
Consistent with our initial hypothesis, our data show that substitution of P for R does not enhance the bactericidal or sterilizing activity of daily combination treatment with the companion drugs HZ in chronically infected guinea pigs.
Our findings appear to conflict with those of murine studies showing that daily dosing of P in place of R in the standard antitubercular regimen significantly shortens the duration of treatment needed to prevent relapse (29, 30) . More recently, daily dosing of PHZ in M. tuberculosis-infected nude mice led to lung sterilization, whereas treatment failure associated with H resistance was observed with daily dosing of RHZ (39) . In these studies, the superior activity of PHZ relative to RHZ was attributed largely to the greater rifamycin exposure obtained by substituting P for R because of the longer elimination half-life of P. In the current study, the P and R exposures used in the combination regimens appear equivalent to those used in the mouse studies based on AUC 0 -24 and C max . Drug exposures were matched on the basis of AUC 0 -24 rather than AUC 0 -ϱ (4), since the former does not require extrapolation to infinity. A precise estimate of AUC 0 -ϱ for P in guinea pigs could not be obtained, since the estimated half-life of the drug approached the end of the sampling interval (24 h). Thus, relatively small errors in the calculation of the half-life could have significant effects on the magnitude of the AUC 0 -ϱ , but not on the AUC 0 -24 . However, since P and R doses in the current study were based on single-dose pharmocokinetic (PK) experiments, it is possible that these may not accurately reflect steady-state values of each drug in guinea pigs. Differences in R autoinduction have been observed across different animal species (33) , although these properties have not been characterized for P. If P induces its own metabolism to a greater extent in guinea pigs than in mice, its antituberculous activity potentially could be underrepresented in the former species. However, based on the significantly longer elimination half-life for P relative to R in guinea pigs, steady-state AUC values would be expected to be disproportionately greater for P relative to R, as has been shown in mice (30) , which would not explain the lack of superiority of P against M. tuberculosis in guinea pigs relative to R. On the other hand, serum AUC values may not accurately reflect rifamycin exposures encountered by M. tuberculosis at sites of infection. Thus, although the calculated serum AUC for P 100 was more than 2-fold greater than that of R 100 , free drug exposures within necrotic granulomas, where persistent bacilli are believed to reside (39) , may have favored R, which has lower protein binding than P (9, 16) . In addition, the greater intracellular accumulation of P relative to R (22) , which may have rendered P-containing regimens more potent against predominantly intracellular TB infection in BALB/c mice relative to Rcontaining regimens (29, 30) , may not have provided an advantage in chronically infected guinea pigs, which harbor primarily extracellular bacilli within necrotic lung granulomas. A direct comparison of the antitubercular activities of RHZ and PHZ in C3HeB/FeJ mice (11, 12) , which, like guinea pigs, develop necrotic lung granulomas following M. tuberculosis infection but share common drug metabolism properties with BALB/c mice (26) , could help determine the role of lung pathology on the potency of each combination regimen. Ultimately, protein-binding studies of each drug in guinea pigs and microdialysis studies of infected guinea pig lungs, or those of larger species, will be required to elucidate the protein-binding properties and penetration of each drug in necrotic lung lesions harboring persistent bacilli.
In contrast to our findings in guinea pigs, treatment with RHZ requires 5 to 6 months to render their lungs culture negative in the standard mouse model and a similar length of time is needed to prevent relapse in clinical cases of drug-susceptible TB. This may reflect more effective immune responses to M. tuberculosis infection in guinea pigs relative to mice and humans, leading to enhanced bacillary killing in the face of TB treatment (4). Consistent with this hypothesis, katG-deficient isoniazid-resistant mutants could not be isolated following isoniazid monotherapy in guinea pigs (3), whereas such mutants are readily recoverable from mouse lungs and sputum samples from TB patients. Interestingly, microscopic examination of culture-negative lungs of guinea pigs completing 2 months of RHZ or PHZ treatment and held for an additional 3 months revealed the presence of acid-fast bacilli within the necrotic core of granulomas. We have made similar observations following 4 months of treatment with RHZ in guinea pigs (2), consistent with either delayed clearance of antibiotickilled bacilli, which continue to stain positively (19, 27) , or the presence of noncultivable persisters. In the current study, mycobacteria were still detectable in the spleens of guinea pigs assessed at relapse after 2 months of RHZ or PHZ, indicating that TB infection was not eradicated in these animals. Difficulty in sterilizing M. tuberculosis-infected guinea pig tissues was also observed by Shang et al., who showed that although a combination regimen containing the novel diarylquinolone TMC207 with R and Z rapidly reduced the bacillary load in the lungs to undetectable levels by 8 weeks of treatment, more than one fifth of animals developed clinical relapse as late as 11 months after the treatment was discontinued (32) . The reason for the inferior activity of the two rifamycin-containing regimens against M. tuberculosis in the spleens relative to the lungs observed in the current study requires further investigation.
Although the precise role of the guinea pig (21) in TB chemotherapy has yet to be defined, it has been postulated that the model is useful in discriminating between purely bactericidal and sterilizing drugs. Thus, while the bactericidal drugs isoniazid and streptomycin showed early potent activity, their activity was dramatically reduced against persistent bacilli (3, 5) . In contrast, the uniquely sterilizing drug Z was shown to have dose-dependent activity against chronic TB infection in guinea pigs and to exhibit synergy with R, as in humans (1) . Corroborating previous reports (2), we found that increasing the rifamycin exposure in guinea pigs receiving R or P monotherapy resulted in greater bactericidal activity. These findings are consistent with those of clinical studies showing that RHZ is less active when administered intermittently rather than daily (10, 20) . In the current study, nutritional supplementation (23) was sufficient to avert severe gastrointestinal toxicity associated with larger daily doses of rifamycins in M. tuberculosis-infected guinea pigs (4). Thus, this appears to be a promising model to study the sterilizing activity of escalating doses of rifamycins, as well as the contribution of novel antituberculous drugs to rifamycin-containing regimens against persistent, extracellular bacilli within necrotic lung granulomas.
In conclusion, our findings indicate that daily dosing of P, alone or in combination with the first-line drugs H and Z, does not yield greater bactericidal or sterilizing activity against chronic TB infection in guinea pigs when P is substituted for R. The results of ongoing clinical studies evaluating the efficacy of substitution of P for R in treating active TB are awaited to determine the clinical relevance of our findings in the guinea pig model.
